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ABSTRACT 

We present for the first time a detailed spectroscopic study of chemical element abundances of metal- 
poor RRLyrae stars in the Large and Small Magellanic Cloud (LMC and SMC). Using the MagE 
echelle spectrograph at the 6.5 m Magellan telescopes, we obtain medium resolution (R ~ 2000 — 6000) 
spectra of six RR Lyrae stars in the LMC and three RR Lyrae stars in the SMC. These stars were chosen 
because their previously determined photometric metallicities were among the lowest metallicities 
found for stars belonging to the old populations in the Magellanic Clouds. We find the spectroscopic 
metallicities of these stars to be as low as [Fe/H] spec = — 2.7dex, the lowest metallicity yet measured for 
any star in the Magellanic Clouds. We confirm that for metal-poor stars, the photometric metallicities 
from the Fourier decomposition of the lightcurves are systematically too high compared to their 
spectroscopic counterparts. However, for even more metal-poor stars below [Fe/H] p hot < — 2.8dex this 
trend is reversed and the spectroscopic metallicities are systematically higher than the photometric 
estimates. We are able to determine abundance ratios for ten chemical elements (Fe, Na, Mg, Al, 
Ca, Sc, Ti, Cr, Sr and Ba), which extend the abundance measurements of chemical elements for 
RRLyrae stars in the Clouds beyond [Fe/H] for the first time. For the overall [a/Fe] ratio, we obtain 
an overabundance of 0.36 dex, which is in very good agreement with results from metal-poor stars 
in the Milky Way halo as well as from the metal-poor tail in dwarf spheroidal galaxies. Comparing 
the abundances with those of the stars in the Milky Way halo we find that the abundance ratios of 
stars of both populations are consistent with another. Therefore we conclude that from a chemical 
point of view early contributions from Magellanic-type galaxies to the formation of the Galactic halo 
as claimed in cosmological models are plausible. 

Subject headings: Stars: variables: RR Lyrae, Stars: abundances, (Galaxies:) Magellanic Clouds, 
Techniques: spectroscopic 



1. INTRODUCTION 

Hierarchical galaxy formation models predict that 
larger galaxies are formed by th e accretion of smaller 
systems. Recent simulations (e.g., |Robertson et al.| 2005; 
Tumlinson 2010[ ) suggest that the accretion of galax- 
ies with masses comparable to those of the Magellanic 
Clouds (MCs) provided the major contribution of stellar 
mass to the present-day Milky Way (MW) halo. These 
accretion events would have happend early (more than 



Electronic address: haschke@ari.uni-heidelberg.de 

* This paper includes data gathered with the 6.5 meter Magellan 

Telescopes located at Las Campanas Observatory, Chile. 

+ Raoul Haschke is a member of the Heidelberg Graduate School 

for Fundamental Physics (HGSFP) and of the International Max 

Planck Research School for Astronomy and Cosmic Physics at the 

University of Heidelberg. 



8 — 9Gyr ago), contributi ng primarily sta rs enriched by 
Type II supernovae (e.g., Font et aL]|2006[ ). 

The low luminosity dwart spheroidal (dSph) galaxies 
contain primarily old populations, whic h have similar 
ages as the o ldest stars in the MW halo ( |Grebel fc Gal- 
lagher | [2004 [ ). A number of recent studies succeeded in 
detecting extre mely metal-deficient red giants in Galac- 
tic dSphs (e.g., [ Frebel et al ||2010al bl Tafelme yer et al. 
2010[|Cohen fc Huang 2009, 2010| |lNorris et al.|2010c|a|), 



concluding that these galaxies may plausibly have con- 
tributed to the early build-up of the Galactic halo. For 
the more metal-deficient red giants in ultra-faint dSph 
galaxies the similarities to the MW halo are even more 
pronounced than for the classical dSphs. Therefore it is 
of particular importance to address the question of the 
evolution of metallicity in dependence of galaxy mass and 
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type in order to learn more about the similarities and 
differences between dSphs and dwarf irregular galaxies, 
such as the MCs, especially in their earliest evolutionary 
phases. According to the aforementioned cosmological 
models, the most significant contribution to the build-up 
of the MW halo should have come from the early pro- 
genitors of MC-like galaxies. 

In galaxies that experienced star formation throughout 
cosmic history, the identification of purely old popula- 
tions is difficult. For instance, the abundant red giants 
can cover an age range of more than ten Gyr. Thus 
one can either turn to globular clusters as easily identifi- 
able and reliably age-dateable populations or to uniquely 
identifiable, old tracer stars among field populations. 
For field stars the exclusively old Population II can only 
be traced with certain objects, such as RRLyrae stars. 
Metallicity estimates of these stars therefore allow an in- 
sight into the early evolutionary phase of a galaxy. 

The first spectroscopic metallicity estimates of 
RR Lyrae stars in th e LMC and SMC were performed by 
Butler et al| fll982[) . Using the AS method they found 
mean values of [Fe/H] ~ — 1.4dex for six LMC RRLyrae 
stars and [Fe/H] ~ — 1.8dex for nine SMC RRLyrae 
stars. Later, low-resolution spectroscopic observations 



of RR Lyrae stars were carried out by Gratton et al. 



2004) and Borissova et al. (2004 2006), for the LMC. 



Tiese studies investigated predominantly stars located 
in the bar and the central regions of the LMC and found 
very similar mean metallicities 3 of [Fe/H] ~ — 1.5dex. 
The spectroscopic metallicities of RRLyrae stars, deter- 
mined through comparison of the Call K line with the 
hydrogen lines H^, H 7 and H#, were found to be between 
[Fe/H] = -2.33 dex and [Fe/H] = -0.57 dex. These 
studies could produce overall metallicity estimates only. 
The abundances of individual elements in RR Lyrae stars 
of the MCs were never investigated. 

The Op tical Gravitational L ensing Experiment 
(OGLE III, [Udalski et aT|j2QQ8a|b| ) monitored the MCs 
for several years and provided very acc urate lightcurves 



of a l arge s ample of RRLyrae st ars (Soszyhski et al. 

" (12012D, the Fourier- 

s & Zi 



2009 2010b. In Haschke et al. 



decomposition method by Kovacs & ^Zsoldos 
was used to determine individual photometric 



( [1995] ) 

metal- 



licity estimates for these old Population II stars, and 
metallicity distribution function s (MDFs) for both 
MCs were derived. In the LMC, |Haschke etaE] ( |2012 ) 
obtained Fourier decomposition metallicities tor 1677o 
RRLyrae stars of type ab. In the SMC metalliciti es for 
1831 of these stars could be measured. On the IZinnl 



fc West| fll984| ) scale the peak of the LMC MDF is at 
[Fe/HJ = — 1.50 dex with a full width at half maximum 
of 0.24 dex. The SMC is found to be more metal-poor 
with its MDF peaking at [Fe/H] = -1.70 dex (FWHM 
= 0.27dex). 

The se results a re in agreeme nt with Carrera et al.| 
d2008b| ) and |Carrera et al.| poTT] ), who used Call triplet 
spectroscopy investigating red giants in the LMC to 
determine the age-met allicity relation, as well as with 
metallicities from Ca II triplet spectroscopy for SMC red 

3 We assume that the overall metallicity Z of a star is traced 
by its iron abundance. Throughout this paper, the term metal- 
licity, iron abundance and [Fe/H] are used interchangeably, where 
[A/B] = \og(N A /N B ) - \og(N A /N B ) Q for the number N of atoms 
of elements A and B. 



giants determined by Carrera et al. (2 
ies estimate the mean metalliticy 01 1. 



Q2008a| ). These stud- 
: tEe^old" LMC pop- 
ulation as traced by field red giants to be [Fe/H] ~ 
-1.2 dex and that of the SMC to be [Fe/H] - -1.4 dex. 
Since the majority of the red giants in both clouds were 
formed at ages much younger than 10 Gyr, these metal- 
licities are actually representative of the intermediate- 
age population. The age determination for individual 
field red giants, however, is rather difficult, and is ex- 
acerbated by uncertainties in the distance and the red- 
dening of these stars. In contrast, star clusters usually 
have a well defined age wi th a common metallicity for all 



stars. 



Kayser et alT] ( |2Q07D and |Glatt et"aD fl2008b| ) found 



a considerable metallicity spread lor SMC star clusters 
of intermediate age based on Call triplet spectroscopy, 
in agreement with the sp ectroscopic results by |Da Costa 



Hatzidimitriou 



(1998]), and concluded that no smooth 
monotonic age-metallicity relation is present. 

Hence, the only source of direct element abundance 
measurements for purely old stars of the MCs were stud- 
ies of globular clusters (GCs) so far. In the LMC seven 
old GC were sp ectroscopically investigated by [Johnson 
eTaT1([2006l) and|Mucciarelli et al.| ([2QQ9| [2QTof> using red 



giants! They found that the different LMlJ GCs stud- 
ied have mean iron abundances between —2.20 dex < 
[Fe/H] < —1.23 dex. These findings support that a con- 
siderable metallicity spread is present in the old cluster 
population. While the GCs of |Mucciarelli et al.| (2010[ ) 
are all a-enhanced by ~ 0.4 dex, the GCs investigated by 



Johnson et al. 120061) are only slightly a-enhanced. How- 
ever, the abundances of the a— and other elements agree 
well with the abundances determined for stars within the 
MW halo. The SMC only contains one GC and this ob- 
ject is 2 — 3 Gyr younger than the old est GCs in the LMC 
and in the MW flGlatt et al]|2008a[) 

But even for Galactic field RR Lyrae stars hardly 
any data are available concerning the [a/Fe] ratio. 



Clementini et al. (1995) reported an overabundance of 
a/be\ = 0.4 dex ancT[Mn/Fe] = 0.6 dex for 10 Galactic 
field RRLyrae stars, which is in agreement with |Fern-| 



ley fc Barnes| ( |1996[) , who found an overabundance of 
[Ca/Fe] = 0. 4 dex tor nine fie l d sta rs. In the Milky 



Way GC M3 Sandstrom et al.] (2001) measured a sim- 
ilar overabundance using 29 RRLyrae stars. Two very 
metal-poor RRLyrae stars were investigated wi th high 
resolution spectroscopy by |Hansen et al.| ( |201l| ) . They 
obtained elemental abundances tor 16 different element 
and found th e [q/Fej ratio to be very similar to the other 
studies. For et al. (2011) investigated the properties of 
eleven nearby field RR Lyrae stars and obtained very pre- 
cise abundances for several elements. For the a-elements, 
they found a mean overabundance of [a/Fe] = 0.5 dex. 

This lack of information about a-elements for LMC 
RRLyrae stars and the lack of spectroscopic investiga- 
tions of SMC RRLyrae stars is caused in part by the 
great difficulties of taking spectra of comparatively faint 
objects at these distances. The variability of these pul- 
sating stars changes their stellar parameters significantly 
during a given pulsation period. Therefore the integra- 
tion times have to be kept short. At distances beyond 
~ 50kpc, only the > 6-m class telescopes and state-of- 
the-art instruments are able to obtain spectra of suf- 
ficient quality to permit us to determine the chemical 
composition of these stars. Therefore, for the time be- 
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ing, photometric estimates are the only way to determine 
metallicities for large samples of RRLyrae stars. Pho- 
tometric metallicity calibrations at the low metal licity 



end, however, are still somewhat uncertain (e.g ., Arel- 



lano Ferro et al. 



2011 



Dekany fc Kovacs 2009[ ), owing 
to the lack ol suitable calibration stars. To arrive at 
more secure metallicity estimates of metal-poor candi- 
dates, spectroscopy is essential. 

Of particular interest are the very metal-poor and thus 
presumably oldest populations of the MCs to learn more 
about the earliest stages of their evolution and to com- 
pare the early enrichment history of the MCs with the 
properties of the Galactic halo and other galaxies orbit- 
ing the MW. In this study, we therefore chose to con- 
duct spectroscopic follow-up observations of six LMC 
RRLyrae stars and three SMC RRLyrae stars that were 
previously identified as very metal-poor candidates in our 
photometric analysis. Their photomet ric metallicities, 
deduced from the method introduced by 
([1995]) are all belo w [Fe/H] < 



dos 



Kovacs fc Zsol- 
2.3 dex on the scale 



of Zinn XWest|Jl984| ). For more details on the metallic- 



i ties o f RR Lyrae stars within the MCs see Haschke et al. 
( [2012]) 

In Section 2j the target selection and the observa- 
tional procedure to obtain spectra for these stars is de- 
scribed. Furthermore, the reduction procedure of the 
data is explained. We measure the radial velocities of 
the RR Lyrae stars in Section[3] and correct the spectra 
accordingly to obtain equivalent width measurements in 
Section[4] The stellar parameters are deduced and dis- 
cussed in Section[5] Equivalent width measurements as 
well as synthesized spectra are used in Section[6]to cal- 
culate abundances for eleven different elements. In Sec- 
tion|8]the results are discussed and summarized. 

2. OBSERVATIONS AND REDUCTIONS 

2.1. Target selection 

The OGLE III survey 4 (|Udalski et aT||2Q08b|) moni- 
tored the MCs from 2001 to 2009. |Soszynski et af.](|2009[ 



|2010[ ) extracted very precise light curves lor several thou- 
sand RRLyrae stars in both Clouds. These authors 
then Fourie r-decomposed these light curves, following the 
method by |Kovacs fc^ Zsoldos (1995), to determine their 
Fourier parameters, pmoleq (|2005 ) introduced a relation 
using the Fourier parameter 03 1 and the period of the 
RR Lyrae sta rs to det e rmine a m etallicity on the metal- 



licity scale of Jurcsik (1995). In Haschke et al. (2012), 



this relation is used to evaluate photometric metallicities 
for 166 76 LMC RR Lyrae stars and 1831 SMC RRLyrae 
stars. |Papadakis et al.| ( |2000[ ) found a transformation 
relati on between the met allicity scales by | Jurcsik (1995) 
and | Zinn fc West (1984), showing that the scale by Ju- 
rcsik (1995) i s about O.odex higher than the metallicity 
sciF by |Zinn fc W^st] ( p84] ) . 

For the LMC, our candidate list contains 35 RRLyrae 
stars of type ab with pho tometric metal licities below 
[Fe/H] = -2.0 dex on the |Jurcsik| Ql995| ) scal e which 



Zinn 



scales to [F e/H] = —2.3 dex on the scale of 
| West I ( [1984 ). When we compiled the candidate list lor 
the SMC spectroscopic observations the data on the 
RRLyrae stars from OGLE III were not available. We 



therefore had to rely on OGLE II data (Udalski et al. 
1997||Soszynski et aL|2003| ), which result in 14 KK Lyrae 
type ab stars with metallicities [Fe/H]zw84 < —2.3 dex. 

2.2. Observations 

The observations were conduct ed using the Magellan 
Echellette (MagE) spectrograph ( jMarshall et al.||2008 ) 



on the 6.5 m Magellan Clay telescope at Las Campanas 
Chile, on 2010 January 17 and 18 and August 4 and 5. 
The spectrograph has a total wavelength coverage from 
3000A to 10000A. 

RRLyrae stars have periods of 12 — 20 hours. Due 
to their pulsation their stellar parameters, such as tem- 
perature and gravity, vary significantly in a relatively 
short amount of time (e.g., |Layden||1994| ). To obtain a 
useful spectrum the integration time should not exceed 
1.5 hours to avoid broadening of the lines. Due to the pa- 
rameter variability the observations should be conducted 
within the phase interval of $ = 0.2 — 0.8, where <E> = 
and $ = 1 are two consecutive maxima of the light curve. 
This interval of $ = 0.2 — 0.8 corresponds to the time of 
minimum brightness and activity of the star. Hence, we 
always calculated the actual before starting the obser- 
vation, in order to ensure to observe at the right phase. 

The list of observed stars is shown in Tableland Fig- 
ure^ Due to changing seeing conditions, we used a 0.7" 
slit for the spectra of the first three LMC targets and all 
of the SMC targets and a 2.0" slit for the other three 
LMC RRLyrae stars. With the 0.7" slit, a resolving 
power of R = A/ A A ~ 6000 can be achieved, while the 
2.0" slit has a resolving power of R ~ 3000. The inte- 
gration time for each object was between 45 — 90min, 
depending on the slit width and the brightness of the 
target. The analysis for the LMC target RR8645 was 
conducted with special care, because a second star was 
present in the slit during the observation. 

To calibrate the wavelength solution several ThAr- 
lamp exposures were taken throughout the night. Also 
at the beginning and the end of each night flat fields were 
taken. 

Three metal-poor standard stars of known metallic- 
ity were observed for comparison: the RRLyrae star 
XArietis (XAri) and the non- variable stars HD74000 
and G64-12. Using the 0.7" slit we took several expo- 
sures of a few seconds for every standard star. For the 
analysis, the individual spectra of a single star were co- 
added. For the MC RRLyrae stars a final S/N level of 
10 — 25 per pixel was achieved for the combined observa- 
tions at a wavelength of 7500A. For the bright standard 
stars the S/N level is much better, with values between 
150 — 200 per pixel. The stellar parameters of these stars 
are shown in Table[2j 

2.3. Data Reduction 

The low S/N level of the data requires a careful reduc- 
tion procedure. We chose to try two different approaches, 
reducing the data by hand using the IRAF packages and 
an IDL based pipeline. The results are compared to ob- 
tain the best results possible. 

Finally we decided to use the IDL pipeline, written by 
G. Becker 5 , to reduce the data. The pipeline provides 

f tp: //f tp. ociw. edu/pub/gdb/mage_reduce/mage_reduce . 
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Table 1 

Properties of RRLyrae stars observed with Magellan/MagE. The star ID of the LMC objects is taken from the identifier in the OGLE III 

dataset. For the SMC objects the OGLE II identifier is used. 



star 


v 


period 


RA ( J2000) 


Dec (J2000) 


UT date 


No. integrations 


t 


slit 


[Fe/Hl v, + 

L A c / ± - L J pnot 


Blazhko effect 




[mag] 


[days] 


[hh:mm:ss] 


[":':"] 








n 


[dex] 


present 


RR15903 


18.78 


0.7453036 


05:27:18.77 


-69:32:22.5 


01/18/2010 


4 


4800 


0.7 


-2.20 


no 


RR8645 


19.23 


0.5293966 


05:14:42.54 


-68:59:26.9 


01/18/2010 


3 


5400 


0.7 


-2.63 


no 


RR1422 


19.11 


0.6148814 


04:51:54.23 


-66:58:46.1 


01/18/2010 


2 


5100 


0.7 


-3.38 


yes 


RR177 


18.84 


0.8246837 


04:35:33.16 


-68:12:25.8 


01/19/2010 


3 


2700 


2.0 


-2.10 


no 


RR11371 


19.27 


0.5590900 


05:19:27.68 


-71:20:45.0 


01/19/2010 


2 


3600 


2.0 


-2.80 


yes 


RR22827 


19.16 


0.5720020 


05:46:40.62 


-69:44:26.1 


01/19/2010 


1 


3000 


2.0 


-2.80 


yes 


RR122432 


19.63 


0.590461 


00:47:39.98 


-73:08:43.0 


08/05/2010 


3 


4100 


0.7 


-3.41 


yes 


RR50180 


20.17 


0.585893 


00:43:07.78 


-72:49:22.1 


08/06/2010 


2 


3000 


0.7 


-2.95 


yes 


RR143874 


20.21 


0.552044 


00:47:42.57 


-72:43:15.5 


08/06/2010 


3 


5600 


0.7 


-2.03 


yes 



Table 2 

Properties of standard stars observed with Magellan/MagE. The values listed are taken from the quoted literature. 



Star 


V 
[mag] 


RA ( J2000) 
[hh:mm:ss] 


Dec (J2000) 
[V:"] 


[Fe/H] 
[dex] 


T e ff 

[K] 


logg 


Reference 


HD74000 


9.67 


08:40:50.80 


-16:20:42.52 


-2.02 


6166 


4.19 


Cenarro et al. (20071) 


XAri 


9.63 


03:08:30.88 


+10:26:45.22 


-2.50 


6109 


2.60 


Cenarro et al. (2007) 


GD64-12 


11.49 


13:40:02.49 


-00:02:18.75 


-3.28 


6400 


4.1 


Primas et al. (2000) 



the user with a wavelength-calibrated spectrum. With 
standard IRAF routines we normalize the spectrum and 
merge the different orders of each spectrum to obtain 
a final one-dimensional spectrum. An exemplary spec- 
trum is shown in Figure[2j spectra of the other target 
and standard stars are shown in FigurepT] and Figure 12 
in the appendix. 

2.4. Uncertainties 

For the discussion of our uncertainties we will always 
quote the standard deviations 



\ 



n—1 



m) 2 



i 



(i) 



where n is the number of measurements, Xi are the indi- 
vidual datapoints and \i is the mean of the sample. The 
last term n/(n — l) corrects for the effects of small num- 
ber statistics. We do not use the standard error a/y/n, 
unless explicitly stated. 

3. RADIAL VELOCITIES 

The pulsation of an RRLyrae star causes periodic 
changes in the observed spectra and hence of the mea- 
sured radial velocity. For RRLyrae type ab stars, the 
radial velocity changes by up to 60 — 70kms _1 during a 
given period, with the lowest velocity around minimum 
light flSmith|[2QQ4l ). Moreover, the different layers of the 
stellar atmosphere move with a velocity that gradually 
increases towards the outer shells. Since metallic and 
Balmer lines originate at different optical depths in the 
atmospheres, the pulsation can introduce systematic ve- 
locity offsets in the lines used for the velocity estimate 
depending at which phase the spectra were taken. 

We determine the radial velocities from the Doppler 
shift of the near-infrared Call-triplet lines between 
8492A and 8662A and of the Balmer lines, H7, Rf3 and 
Ha, between 4333A and 6568A. Taking all individual 
measurements, we compute the mean and median value 
of the radial velocity as well as the standard deviation. 



Using the approach described in Vivas et al. (2005), 
we estimate the pulsational velocity of each target star 
to obtain the systemic velocity. The temp l ate pu lsational 
velocity curve of X Ari, observ ed by Oke (1966) and pa- 
rameterized by Layden (1994), is adopted lor all target 
RRLyrae stars! The velocity curve of XAri is fitted 
at the observed phase of our targets to derive the cor- 
responding pulsational velocity. However, for each star 
only measurements at one certain phase of the period are 
available and a fit to the radial velocity curve is rather 
uncertain. To calculate the uncer tainties of th e systemic 
velocities we adopt Equation 1 of Vivas et al. (2005) 



(jl=(j 2 r + (119.5 x 0.15) 2 + (23.9A$) 2 



(2) 



where <r 7 is the uncertainty of the systemic velocity 
and <j r the standard deviation of the radial velocity mea- 
surements. The second term reflects the duration of 
the observation of the spectra. This took usually about 
15% of the target's phase. This duration of the obser- 
vation is convolved with the slope of the velocity curve 
of 119.5 km s _1 . The third term reflects the la star-to- 
star varia tion of the ve l ocity amplitude of 23.9kms _1 , as 
found by |Vivas et al.| ( |2005[) , combined with the differ- 
ence of the observed phase of our target star to the phase 
with zero systemic velocity, which is found to occur at 
$ = 0.5 for XAri. 

In Table[3]we present the median heliocentric systemic 
radial velocities, as well as systemic radial velocities in 
the local standard of rest (LSR), using the IRAF task rv- 
correct. The mean velocities are very similar to the me- 
dian velocities in Table[3j Additionally the pulsational 
velocity of the star, the mean phase of the observation 
and the standard deviation of the radial velocity mea- 
surements as well as the uncertainty of the systemic ve- 
locity are shown. 

The values for the heliocentric radial velocity of X Ari 
found by us are in very good ag r eemen t with the litera- 
ture, for instance, Valdes et al.| ([2004 ) found a value of 
-40 kms -1 . 
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a [hours] 



Figure 1. Location of the observed RRLyrae stars within the 
OGLE III fields. The crosses illustrate the position of the RRLyrae 
stars. Th e open circle in the upper panel sh ows the optical center of 
the LMC ( |de Vaucouleurs fc Freeman|1972| >, while the two diagonal 
lines indicate the position ot the IjMU bar. The open c ircle in the 
lower panel shows the center of the SMC as found by Gonidakis 
et al. (2009) from isophotes of giant stars, while the filled circle 
indicates t he center fr om proper motion measurements as found 
by |Piatek et al.| ( |2008| ). 




5150 



Wavelength 



5200 



Figure 2. Spectrum of RR1422 at the region of the Mg lines 
around 5170A. The red line indicates the best fitting synthesized 
model. 



Table 3 

Various velocity estimates and uncertainties of all our target stars 
and XAri 



Star 


Vh r 


Vlsr 


mean 








[kms- 1 ] 


[kms" 1 ] 


phase 


[kms" 1 ] 


[kms" 1 ] 


RR15903 


320 


304 


0.64 


5 


19 


RR8645 


292 


277 


0.38 


23 


29 


RR1422 


325 


309 


0.57 


11 


21 


RR177 


287 


271 


0.18 


20 


27 


RR11371 


323 


308 


0.41 


30 


35 


RR22827 


295 


279 


0.81 


33 


38 


RR122432 


174 


163 


0.45 


33 


38 


RR50180 


133 


122 


0.66 


18 


25 


RR143874 


109 


98 


0.41 


8 


20 


XAri 


-40 


-51 


0.51 


15 


23 



The mean systemic heliocentric velocity of our small 
sample of LMC RRLyrae stars is found to be 307 ± 
19 kms -1 . This valu e is more than 1 a g reater than 
the radial velocities of Gratton et al. ( 2004| ), who found 
261 ± 40 kms -1 , of |Borissova et al.| (2004ft, who found 
264 ± 19 kms -1 , or of Borissova et al. 
255 ± 65 kms -1 . 



(2006) who found 



However, these measurements were 
made in the most central parts of the LMC and it seems 
reasonable that the disk region may have different veloc- 
ities compared to the central regions in and close to the 
bar. 

In the sample of Borissova et al. (2006), some high- 
velocity stars with radial velocities up to 399 kms -1 are 
present. We compare their metallicities of these high- 
velocity stars with their metallicities for the other stars. 
Both groups of stars have an indistinguishable mean 
metallicity and therefore we do not find any correlation 
between velocity and metallicity. 

Even though, the radial velocity of the LMC seems very 
similar for different stellar tracers, the velocity dispersion 
increases with the age of the stellar tracer. With a sample 
of 738 red supergiants distrib uted within several d egrees 
from the center of the LMC, |01sen et al.| (|2011|) found 

T 



a systemic velocity of 263 ± 2 kms . A mean radial 
velocity of 257 kms - was estimated by |Cole et alT| (2005) 
using red giants. The velocity dispersion ol the LMC 
has been measured to 9 km s -1 for young red supergiants 
( jOlsen fc Massey 2007), while old RRLy rae stars have 
a velocity dispersion of ab out 50 kms -1 (iMinniti et al. 



|2003| |Borissova et al.|2006 ) . For intermedi ate-age tracers 
a gradual in crease is round (compare, e.g.,|van der MareT 



et al.|2009ft - 

One possibility for the high velocities of our sample is 
an effect of small number statistics. Another possibility 
is that our metal-poor RRLyrae stars trace an older, 
earlier population than the more metal-rich RRLyrae 
stars studied before, possibly tracing a sparse, metal- 
poor halo. 

For our three RRLyrae stars in the SMC we find a 
mean systemic velocity of 138 ± 40 kms -1 . In the litera- 
ture no velocity estimates were carried out for RRLyrae 
stars so far. Only samples of brighter SMC stars were 
used to determine the distribution of the radia l velocity. 
With more tha n 2000 red giant branch stars, Harris & 
Zaritsky ( |2006 ) found a Gaussian distribution of the ve- 
locity with a maximum at 145.6 ±0.6 kms -1 and a veloc- 
ity dispersion of 27.6±0.5 km s -1 . Our results are in good 
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Table 4 

Equivalent width measurements for all target and standard stars. 



Element 


A 


X 


log gf 


HD 74000 H ii 




[A] 


[eV] 




[mA] 


Nal 


5889.97 


0.00 


0.108 


175 


Nal 


5895.94 


0.00 


-0.194 


130 


Mgl 


4057.52 


4.34 


-0.890 




Mgl 


4167.28 


4.34 


-1.010 


31 



Note. — Only the first few lines and columns are shown. The 
full table is available electronically. 



agreement with these values. |De Propris et al. ( |2Q1Q[) 
evaluated red giants in ten different fields with radial 
distances of 0.9 kpc to 5.1 kpc from the SMC center and 
found that the velocity distribution functions between 
the different fields are significantly different. Some fields 
show single peak distributions, while others seem to be 
bimodal. The mean radial velocity changes also between 
the fields and they find values between 147 ± 26kms _1 
and more than 200 km s -1 for the second peak in fields 
with a bimodal distribution. Overall, our velocity e sti- 
mates are in good a greement with the velocities of |De| 
Propris et al. ( |2010[ ). However, our stellar sample for 
the SM(J needs to be enlarged first before more detailed 
conclusions can be drawn. 

4. EQUIVALENT WIDTH MEASUREMENTS 

Our line list for the investigated RR Lyrae stars of the 
MCs i s prim arily based on the line list of Clementini 



et al. 



(119951). They investigated, among others, XAri, 
which we use as a s tandard RR Lyrae star i n our anal- 
ysis. The line list of | Clementini et aL] ( |1995|) is comple- 
mented by the lists of |Peterson| ( |1978| ) and |Beveridge fc| 
Sneden (1994), who obtained abundances for HD 74000, 
the other standard star in our investigation. Before we 
employ the merged list, we test for blends by compar- 
ing our list with the line list extracted fr om the Vienna 
Atomi c Line Database (VALD), set up by |Piskunov et al.| 
(1995). All blended lines are removed from the sample. 

With the IRAF task splot, a Gaussian is fitted to the 
line profile of every unblended atomic line in our line 
list. We remove all lines that are obviously contaminated 
by noise or cosmic rays. For our science targets, very 
strong lines (EW > 200 mA) as well as weak lines (EW < 
20 mA) were excluded from further analysis. The strong 
lines might be saturated, while for the weak lines the 
uncertainties of the EW measurements are too large due 
to the low S/N. The remaining values for the EWs of our 
target stars, together with the literature values for the 
standard stars, the excitation potential (%) and the value 
for the oscillator strength (loggf), are given in Tablepl 

Comparing our EW measurements of the standard star 
HD 74000 we find v e ry si milar results to the literature 



values by Peterson ( |1978| ) with a mean difference of 
AEW = 5.9 mA and a standard deviation of 16.4 mA. 
Even better agre ement is achieved by comp aring the 
measurements to iBeveridge & Sneden (1994). A mean 



difference of AEW = 3.5 mA with a standard deviation 
of 7.6 mA is obtained. The literature values of the EWs of 



XAri obtained by Clementini et al. (1995) are generally 
higher by AEW = 38.6 mA than the measurements by 
us. We explain this rather large difference with a differ- 
ent observed phase of the variable RR Lyrae star XAri. 



While Clementini et al. (1995) observed XAri between 
0.71 < < 0.82, our observations were conducted be- 
tween 0.47 < $ < 0.55. The physical conditions, such as 
a temperature and surface gravity, are therefore altered. 

5. STELLAR PARAMETERS 

For the analysis of the chemical abundances of our nine 
RR Lyrae stars in the MCs as well as for the three stan- 
dard stars, we use two independent approaches. In order 
to determine the stellar abundances either from EWs or 
spectral synthesis we need to know the following parame- 
ters: effective temperature (T e //), surface gravity (logg), 
metallicity ([Fe/H]), and microturbulence (u t ). Interpo- 
lation of Kurucz's at mosphere model g rid without con- 
vective overshooting ( |Castelli et al.jl997| ) is used to con- 
struct model atmospheres lor the different stars. The lo- 
cal thermodynamic e quilibrium (L TE) spectral line syn- 
thesis code MOOG 6 ( |Sneden|l973| is used, in its version 
from 2010, to derive the elemental abundances from the 
EW measurements and from the synthesis of the spec- 
tra. We assume the solar and meteoritic abundances 



from Anders & Grevesse (1989), except for the iron con- 
tent of logg (Fe) = 7.52, taken from th e solar abundance 



catalogue of Grevesse & Sauval (1998). 



5.1. Effective Temperature 
Clementini et al. (|1995|) derived a relation to calcu- 



late the effective temperature T e ff of an RR Lyrae star 
from the differences of its brightness in different filters. 
Their Equation 4 summarizes the relations for four dif- 
ferent colors. In OGLE III, the V and / filter are used. 
Therefore, we use 



T eff /c95 = 753.90 6 6 77(F - I) 2 
-4836.16016(1/ - I) + 8801.4248. 



(3) 



Inv estigating dwarfs and subgiants Casagra nde et aL] 
( |2010[ ) found a relation for the reciprocal effective tem- 
perature, 6 e ^ = 5040/T e ff , based on the color of the star 
and its metallicity [Fe/H]. This equation has not been 
tested for variable stars yet. We want to test whether 
the relation is applicable and adopt their Equation 3 



#eff/cio = 0.4033 + 0.8171(V -I)- 0.1987(V - /) 2 (4) 
-0.0409(V - J) [Fe/H] + 0.0319[Fe/H] + 0.0012[Fe/H] 2 . 

To calculate the effective temperature of each star at 
the phase of observation, we need the color information 
for this specific time. The lightcurve of the RR Lyrae 
star is recovered using the individual observations taken 
over several years by the OGLE III collaboration in the 
V and preferentially the / band. As a first approach, we 
fit the data points of the individual observations with a 
tenth order polynomial for the /band and a fifth order 
polynomial for the Vband. The data in the /band are 
much better sampled because of the many repeat obser- 
vations in this filter, while the fit of the Fband is more 
susceptible to the influence of outliers. Especially the 
phase of rapid atmospheric change at $ = 0.8 — 0.2 is 

6 http:/ /www. as. utexas.edu/~chris/moog. html 
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Figure 3. An exemplary light curve for our target stars, here 
RR 15903. The grey dots are the observed /band magnitudes, 
while the black line is the corresponding fit. Vband magnitudes 
are shown with red aster isks . The red line is the polynomial fit. 
The best template of |Layden| {1998 ) is shown with the blue dotted 
line. The vertical black dash-dotted lines indicate the actually used 
observation window for RR15903. 



not very well sampled and therefore the fitted lightcurve 
is not reliable in this range. 

As a second approach to determine the light curve in 
theV band, we use the six template light curves Layden 
( 1998]) introduced, based on his study of 103 Galactic 
RRLyrae type ab stars. By using a x 2 test, we find the 
template light curve fitting our target stars best. 

Subtracting the /band light curve (black line in Fig- 
ure]^) from the Vband light curve from the polynomial 
fit (red li ne in Fig ured , as well as from the template light 
curve of |Layden ( 1995] ) (blue dotted line in Figure[3|, we 
obtain two sets ol colors for the different phases of the 
RRLyrae stars. 

These colors are inserted into Equation[3] and the re- 
sulting temperature curve over the whole period of the 
star is shown with the green lines in Figure|4j For Equa- 
tion|4]we use the obtained colors plus a set of metallic- 
ities to calculate the effective temperature curve of the 
RRLyrae star. We decided to use three metallicity val- 
ues, [Fe/H] = -2.5, [Fe/H] = -2.0 and [Fe/H] = -1.5, 
to calculate effective temperatures. Figure[4] illustrates 
that the differences introduced by the metallicity are 
small and therefore the temperature curve of [Fe/H] = 
—2.0 is used for all sta rs as a temperature estim ate. 

For the relations of Clement ini et al. (|1995[ ) and of 
Casagrande et al. ( 2010p , the solid line in Figure|4| repre- 
sents the temperature obtained from the polynomial fit 
of the V band magnitudes. The temperat ures calculated 
with the Vband template light curves ofj Layden| (|1998) 
are shown with the dotted line in Figure[4j 

A color difference of A(V — I) = 0.0 1 mag corresponds 
to a temperature difference of 50 K ( |Clementini et alT 
1995 ) in T e ff. Our Vband magnitudes are not as well 
sampled as for the / band. With individual uncertainties 
of 0.05 mag for each Vband magnitude, our fit of the 
V band light curve becomes less certain than the / band 
fit, where each data point has a similar uncertainty as in 
the V-band. We thus have to assume an uncertainty of 
at least 300 K of the temperatures. 

These temperatures are used as a first guess for spec- 
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Figure 4. Using Equation|3| of [Clementini et al.| ( |l995| > we ob- 
tain the green curves for the effective temperature ol trie target 
star RR 15903. The black, red and blue lines in dicate the tem- 
perature curves of Equation|4] ( Casagra nde et al.||2uTo| for three 
different metallicities. While the solid line shows the temperature 
obtained by using the polynomial fit of the Vband measurements, 
the dashed lines a re computed with the template V band light curve 
of |Layden| ( |1998| >. The upper panel shows the temperature for one 
period, wmle the lower panel is a blow-up of the observed phase 
enclosed by the two vertical black dash-dotted line in the upper 
panel. 

troscopic temperature determinations with the spectral 
analysis program MOOG. To determine such a temper- 
ature estimate we force the abundance of the iron lines 
not to change with the excitation potential (EP) of the 
respective lines. Table[5] summarizes the temperatures 
found. 

The comparison between photometric and spectro- 
scopic temperature estimates reveals a good agreement 
for four of the stars, with differences smaller than 150 K 
between them (Table|5|. For four other stars, we find 
deviations between 150K and ~ 500 K, which can still 
be accounted for by the uncertainties due to the not 
very well-sampled Vband light curves. In general, we 
find that a less good sampling of the observations in the 
Vband introduces higher differences in the temperature 
estimates, while the sampling in the / band is always 
very good. This is especially the case for the Vband 
light curve for RR 122432, where the temperatures de- 
viate by more than 500 K. Therefore the fit to the light 
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Table 5 

Mean effective temperatures of the observed phase of our target stars from Equationpland Equation[4]with a metallicity of [Fe/H] = —2.0. 
The first two values sho w the tempera ture obtained from using the polynomial rrfs of the V bancT For column 4 and column 5 the 
template light curves of |Layden| ( [19981 are used. Moreover, the effective temperature determined by the spectral analysis program 

MOOG is shown in column 6. 



Star 


phase 


rripoly fit 

eff/CIO 

[K] 


rripoly fit 

eff/C95 

[K] 


rritenipl . fit 
eff/CIO 

[K] 


rritempl . fit 
eff/C95 

[K] 


L'eff / spec 

[K] 


RR 15903 


0.60 - 0.69 


6037 


6035 


6143 


6121 


6500 


RR8645 


0.33 - 0.44 


6529 


6408 


7755 


7113 


6500 


RR1422 


0.52 - 0.62 


6786 


6579 


6703 


6525 


6250 


RR177 


0.14-0.22 


6335 


6269 


6213 


6176 


6500 


RR 11371 


0.38 - 0.45 


6203 


6169 


5937 


5950 


6250 


RR 22827 


0.78 - 0.85 


6468 


6360 


5271 


5288 


6500 


RR 122432 


0.42 - 0.49 


7675 


7075 


9084 


7649 


6000 


RR 50180 


0.64 - 0.69 


6061 


6053 


6324 


6259 


6000 


RR 143874 


0.36 - 0.45 


6898 


6650 


7175 


6812 


6500 


XAri 


0.47 - 0.55 


5915 


6271 






6700 



Table 6 

The mean and median differences as well as the standard 
deviation between the different photometric and the spectroscopic 
temperature estimates T e ff/ spec . 



Table 7 

The final set of parameters from the EW abundance 
determination. 



T-ifit rp 

J- -tspec 


rripoly fit 

eff/CIO 

[K] 


rripoly fit 

eff/C95 

[K] 


rritempl. fit 
eff/CIO 

[K] 


rritempl. fit 
eff/C95 

[K] 


mean 


39 


-60 


65 


95 


median 


-2 


-87 


19 


-21 


stdev a 


312 


264 


768 


597 



curve is rather uncertain and the temperature estimate, 
which is much too high for an RRLyrae star, is rejected. 
Thus, this star is excluded from the further comparison 
of photometric and spectroscopic temperatures. 

The mean, the median and the standard deviation for 
the differences between the photometric and the spec- 
troscopic temperatures are shown in Table|6j It turns 
out that the polynomial fit of the Fband nghtcu rve is 
pref e rable to the use of the te mplates provided by [Lay- 
den ( |1998[ ) . The templates of |Layden| are calibrated on 
RRLyrae stars with higher metallicities than the our 
targets. The parameters of the lightcurves change with 
metallicity and it is therefore not surprising that devia- 
tions fnDmJj^ The relation adopted 
from |Clementini et al.| ( [l995| ) leads to sl ightly better tem- 
peratu re estimates than the relation by Casagra nde et al. 
( |2Q1Q| ), assuming that the spectroscopic temperatures are 
correct. We conclude that both relations are well suited 
for an estimate of the temperature of an RRLyrae star. 



5.2. Other stellar parameters 

The other stellar parameters, such as the surface grav- 
ity (logg), metallicity ([Fe/H]) and microturbulence (y t ) 
are determined in an iterative procedure. For the metal- 
licity, we assume the photometric estimate as a starting 
point for our stellar models. The surface gravity is set to 
logg = 2.6, a typ ical value for an RRLyrae star at mini- 
mum light (e.g., |Oke|| 1966 ). For the microturbulence we 



assume v t = 3 km s" 

Fe II is much more sensitive to the surface gravity than 
Fe I. By varying the abundance of Fe I and Fe II until the 
different ionization states lead to a similar abundance 
the value of logg is estimated. The microturbulence is 
matched such that no abundance differences with the re- 
duced width log(EW/A) of the Fel lines are found. Af- 
ter each iteration a new Kurucz model is used with the 



Star 




logg 


[Fe/H] 


vt 




[K] 




[dex] 


[km/s- 1 ] 


HD74000 


6100 


3.5 


-2.08 


1.5 


XAri 


6700 


2.1 


-2.61 


2.6 


G64-12 


6350 


4.4 


-3.13 


1.5 


RR 15903 


6500 


2.6 


-2.24 


3.5 


RR8645 


6500 


3.0 


-1.97 


5.0 


RR 1422 


6250 


2.0 


-2.49 


4.0 


RR177 


6500 


2.6 


-2.67 


3.8 


RR 11371 


6250 


2.6 


-2.18 


3.2 


RR 22827 


6500 


1.5 


-2.49 


2.5 


RR 122432 


6000 


2.6 


-2.36 


4.5 


RR 50180 


6000 


2.0 


-2.36 


4.5 


RR 143874 


6500 


2.0 


-2.34 


2.0 



updated version of the parameters and the next itera- 
tion is started, until the final set of parameters is found. 
Owing to the low S/N for two stars the difference be- 
tween Fel and Fell can only be reduced by assuming 
unphysical stellar parameters. Therefore we allow for 
differences of 0.2 dex for the LMC targets and 0.3 dex for 
the SMC RRLyrae stars. Furthermore we test our logg 
values using photometrically derived gravities and find 
good agreement between both methods. The final set of 
stellar parameters is shown in Table[7J 

5.3. Comparison of stellar parameters for the standard 
stars with literature values 

For HP 74000 , we found data on the stel l ar pa rame- 
ters in [Peterson (1978), Beveridge & Sneden (1994), and 
FulbrigEt| ( |2000 ). Their estimates agree very wel. 



with 

ours. Only the logg value is higher by about 0.6 dex (see 
Table[§. 

For A Ari, we estimate slightly higher temperature and 
lower log g values than fou nd by Clement ini et al. ( 1995 ) 



and |Lambert et aL ( 1996[ ) (see Table|8]). However, this is 
an effect of having observed X Ari at a d ifferent phases. 
While we have observed XAri at <£> = 0.5, Lam bert et al. 
(|1996[ ) have taken their data at $ = 0.38 and Clementini 
|et al.| ( |1995| ) at = 0.75. The metallicity is in very good 
agreement with the literature, while the microturbulence 
is a bit lower than the literature values. 

For G64-1 2, the agreement of our estimates with the 
values by |Boesgaard fc Novicki ( 2006 ) is very good for 
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all the parameters. 

5.4. Systematic parameter uncertainties 

We test the sensitivity of the abundances to the stel- 
lar parameters by altering one single parameter of X Ari 
at a time and calculating the abundance difference (Ta- 
ble|9|. For the temperature we assume an uncertainty 
of Z\T = 300 K, which corresponds to the uncertainty 
of our photometric temperature estimate. For the sur- 
face gravity we adopt an uncertainty of Alogg = 0.5 dex, 
while for the microturbulence Au t = 0.5km/s _1 is as- 
sumed. These differences are adopted as uncertainties 
for all RRLyrae stars in our sample. 

For neutral species the abundance ratios show the 
largest dependence on the estimated T e ff. These ele- 
ments are rather insensitive to changes in the surface 
gravity or microturbulence. The surface gravity plays a 
much larger role for the ionized elements. 

6. RESULTS: ABUNDANCE RATIOS 

We use two independent approaches to determine the 
abundances of the nine target and three standard stars. 
First, we calculate the the abundances directly from the 
EWs using MOOG's abfind driver. For the second ap- 
proach, we synthesize the spectral features of the stars. 
Both approaches are performed with t he 2010 versio n of 
the spectral analysis program MOOG ( Sneden|[l973 ). 

We start with the abundance determination from the 
EW measurements. Model atmosphere parameters are 
obtained through an iterative process (see Section 5l). 
These best model parameters are used to determine the 
abundances of up to 14 different elements (Nal, Mgl, 
All, Si I, Cal, Sell, Ti, Cr, Mnl, Fe, Col, Nil, SrII, 
Ball). For three of the elements (Ti, Cr, Fe) we are able 
to determine the abundances both for neutral and singly 
ionized line transitions. 

The spectral features that are significantly larger than 
the background noise are identified. These lines are fur- 
ther investigated by spectral synthesis. All features close 
to the line of interest are fitted by the spectral synthe- 
sis model to determine abundance values for all features 
present and measureable. In this way we properly ac- 
count for blended lines, to yield the correct abundance 
of the line of interest. The resulting mean abundances 
for [Fe/H] and [X/Fe] of the synthesis for the different 
elements are shown in TableflO} Here, X stands for all 
investigated elements except Fe. 

For each species X, we have computed the straight 
mean and standard deviation for t he abundance ratios 
[X/Fe], as described in Section 2.4 These are listed in 
TableflOl together with the number of lines, N, used to 
determine the abundances. 

For those elements with a larger number of measurable 
lines (e.g., Fe and Ti), the random error, a/y/N, is small 
and the total error on [X/Fe] for those species is domi- 
nated by the systematic uncertainty. Elements that only 
have one line accessible for determining the abundance 
ratio were assigned a representative, minimum random 
error of 0.2 dex, a typical value based on the S/N char- 
acteristics and continuum setting for the respective lines 
in comparable abundance studies. The total error bar 
shown in the following Figures includes the systematic 
and statistical contributions summed in quadrature. 



Due to the low S/N level of the target stars, we inspect 
the profiles of the features very carefully. The knowl- 
edge of the expected line profile of the feature leads to 
a more conservative abundance estimate when using the 
spectral synthesis as opposed to the EW method. While 
using the EW on low S /N data, it may sometimes be dif- 
ficult to distinguish between real features and additional 
noise. If the abundances from the EW measurements 
agree within the uncertainties with the results obtained 
from the spectral synthesis we show them in Table 10 as 
well. The standard deviations a of the EW abundances 
are computed in the same way as described for the spec- 
tral synthesis. For elements with only a few available 
lines, the spectral synthesis abundances are anyhow al- 
ways taken as more reliable. 

Our target stars have very similar stellar parameters a s 



the RRLyrae stars investigated i n|Hansen et al. (2011) 
Therefore, we adopt the same NLTE corrections/which 



For alu- 



are larger than our uncertainties, as they did 

minum a c orrection of Anlte = +0.7 dex ( |Andrievsky 
et al. ||2008l ) is us ed. The NLTE correction for st rontium 
is adopted from [Mashonkina fc Gehren (2001) with a 
value of Anlte = +0.6 dex. 

6.1. Iron 

For the iron content of the stars, we adopt the data 
from the EWs as well as from the spectral synthesis. We 
are able to measure EWs of eight to 34 reliable iron lines 
per star. For the other elements we consider only the 
synthesis abundances since there are many fewer lines. 

The extremely low photometric metallicity of some of 
the targets cannot be confirmed spectroscopically. For 
our target stars we find spectroscopic metallicities be- 
tween -2.67 dex < [Fe/H] < -1.97 dex (see Table[l0|. 
The RRLyrae star with [Fe/H] = —2.67 dex is the most 



metal-poor star found so far in the MCs (see Figure 12). 

Measuring the EW, we detect for all target stars sev- 
eral Fel lines and at least two reliable Fell lines. By con- 
struction the abundances of both ionisation states should 
be the same, but due to the low S/N of the data we allow 
for small differen ces t o obtain reasonable stellar param- 
eters (see Section 5.2). Therefore, a small difference of 
on average —0.07 ± 0.15 dex is found between the abun- 
dances of Fe I and Fe II from EW measurements for our 
target stars. 

Some of the iron lines are weak and the synthesizing 
process did not provide a significant result within our un- 
certainty margins. However, for the lines that are synt he- 
sizable, very good agreement with the abundances from 
the EW measurements is obtained. We are therefore con- 
fident that the values obtained from the EW are reliable 
owing to the large number of lines used. 

The low S/N is responsible that the synthesis of the 
iron lines in our SMC targets did not yield any results 
within our error margins of 0.3 dex. We therefore rely 
on the EW measurements for the iron content of these 
stars. The individual measurements of the lines have 
large uncertainties, but we were able to measure a large 
number of lines, which leads to a reliable determination 
of the abundance. 

6.2. a-elements 

We now consider the abundance ratios of the a- 
elements magnesium, calcium and titanium. We note 
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Table 8 

Stellar parameters of standard stars from the literature. 

Source 



Star 


^eff 


logg 


[Fe/H] 






[K] 




[dex] 


[km/s- 1 ] 


HD74000 


6250 


4.50 


-1.80 




HD74000 


6090 


4.15 


-2.07 


1.30 


HD74000 


6025 


4.10 


-2.00 


1.20 


XAri 


6100 


2.60 


-2.5 


3.0 


XAri 


6500 


2.70 


-2.5 


4.4 


XAri 


6109 


2.60 


-2.5 


4.5 


G64-12 


6350 


4.40 


-3.0 


1.5 



"Peterson (1978) 



Bever idge & Sneden |l994 > 

""[^il bright (20TO 
[Lamb ert et al. ( 1996 j p w , 
Lambert et al. (1996) 
Clementini et al. (1995) 
Boesgaard & Novick i ( 2006 ) 



Note. — phot - estimates from photometric data, otherwise values from spectroscopic data 



Table 9 

Abundance differences due to parameter uncertainties, applied to 





X Ari as a proxy 


for all tar£ 


j;et stars 




Element 


AT = 300 K Alo 


gg = 0.5 


Ais t = 


Oikm/s -1 


Nal 


-0.21 


0.02 




0.05 


Mgl 


-0.16 


0.02 




0.10 


All 


-0.24 


0.02 




0.01 


Si I 


-0.24 


0.03 




0.04 


Cal 


-0.22 


0.02 




0.08 


Sell 


-0.15 


-0.16 




0.07 


Til 


-0.15 


0.03 




0.02 


Till 


-0.18 


-0.12 




0.13 


CrI 


-0.28 


0.02 




0.01 


CrII 


-0.30 


-0.01 




0.19 


Mnl 


-0.30 


0.03 




0.01 


Fel 


-0.28 


0.03 




0.08 


Fell 


-0.06 


-0.16 




0.08 


Col 


-0.29 


0.02 




0.02 


Nil 


-0.51 


0.17 




0.15 


SrII 


-0.21 


-0.13 




0.12 


Ball 


-0.26 


-0.08 




0.01 



that we cannot synthesize any silicon line to a satisfy- 
ing accuracy, because they are in the blue part of the 
spectrum where the low S /N makes abundance determi- 
nations particularly difficult. 

Synthesis abundances for a-elements are derived for 
five LMC and one SMC RRLyrae star (Tabled. For 
four of these LMC stars we find a mean value of 
[Mg/Fe] = 0.54±0.19dex. For our SMC RRLyrae target 
RR 50180 a lower abundance value of [Mg/Fe] = 0.10 dex 
is obtained. For RR177 in the LMC we obtain a quite 
low value of [Mg/Fe] = —0.50 dex. We discuss this spe- 
cial case in detail below. The mean abundances for cal- 
cium and titanium are slightly lower. We find [Ca/Fe] = 
0.39 ±0.30 dex and [Ti/Fe] = 0.19 ±0.16 dex for the LMC 
RRLyrae stars. For the SMC star RR 143874 a value 
of [Ca/Fe] = 0.20 dex is obtained, while for RR 50180 
[Ti/Fe] = 0.00 dex is found. We caution that the S/N of 
the SMC targets is considerably lower than that of the 
LMC objects. 

A simple mean of all measurements of the a abun- 
dances of the LMC RRLyrae stars, excluding RR177, 
leads to an a-enhancement of [a/Fe] = 0.36 ± 0.25 dex 
for the LMC stars. Due to the small number of measure- 
ments and the low S /N level of the SMC spectra a mean- 
ingful mean value for the SMC RR Lyrae stars cannot be 
computed. The tendency of lower a-enhancement seen 
from the three measurements is not significant within the 
uncertainties. 

The LMC abundances are in very good agreement with 
the literature values for the MW RRLyrae stars (For 



et al. 2011; 


Hansen et al. 201 1|) as well as with the 


HB stars of 


For & Sneden (|2010|) and Preston et al. 


(2006). Johnson et al.| (|2006|) spectroscopically inves- 



between -2.2 < [Fe/H] < -1.2 dex, while in |Muccia-| 
|relli et aL] ( |2009[ ) the metallicity of red giants in three 
LMC GCs wTth was measured to be -1.95 < [Fe/H] < 
— 1.65 dex. The stars in these clusters show generally 
stronger a-enhancements with lower me tallicities, but 
the ^- enhancement of the GCs studied by Joh nson et al.| 
fl2006|) is less pronounc ed than in the GCs studied by 
|Mucciarelli et aL ( |2009 ). The mean Mg-overabundance 
for the most metal-poor stars of Mucciarelli et al. ( 2009) 
is between 0.4 < [Mg/Fe] < 0.5 dex, in very gooa agree- 
ment with the RRLyrae stars. Mucciarelli et al. (2010) 
obtained the abundances of calcium and titanium lor 
these clusters. The overabundance of these elements is 
lower than for [M g/Fe], similarly to our results. In |John-| 



son et al. (2006) the a-enhancement is in general lower. 
The mean Mg-over abundance for the most metal-poor 
cluster is 0.2 dex. For the other a-elements, no or only 
slight enrichment was found for the metal-poor cluster 
stars. 

For the metal-poor stars located in the MW halo and 
in the Galactic dSph galaxies a general trend of a- 
enhancement has been found due to preferential early 
enrichment by supernovae of type II. The spread of abun- 
dances between single stars is quite large, which may 
be due to localized, inhomogeneous enrichment. How- 
ever, the differences in abundance are in general much 
larger than for stars with metallicity [Fe/H] > — 1 dex, 
which are mainly located in the MW disk. Our investi- 
gated stars of the MCs fit quite well into the picture of 
a-enhancement, even though the actual abundances de- 
termined by us for the individual stars differ by several 
tenths of dex. As for the other galaxies that m ay indicate 



localized inhomogeneous enrichment (see, e.g., Marcolini 



et al.| 2008 ) Therefore no claim of RR Lyrae stars in the 
MCs being different from the stars in the MW halo and 
in the dSphs can be made and we suggest that the MCs 
underwent a similar early chemical evolution. 

For metal-poor stars it has b een known for a long time 
(e.g., |Wallerstein et al. 1963) that they are enhanced 
in a-elements, typically by [a/Fe] ~ 0.4 dex. In Fig- 
ure[5j we compare the abundances of our target stars 
with literature values for different samples. The black 
dots represent stars i n the MW thin and thick disk as 
well as from the halo ( [Bonifacio et al.|2Q09 ; Cayrel et al 



2004) |Lai et al. 

therein). The black open circles sh< 



Venn et al.| |2004| ~and references 
how th 



ae abundance of 
red giants from different MW dSph companions, namely 
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Table 10 

Abundances from EW measurements and spectral synthesis of the lines. 



star 


synth 


[Fe/H] 

(7 


N 


[Fel/H] 
EW ct 


N 


[Fell/H] 
EW cr 


N 




















HD74000 


-2.15 


0.15 


10 


-2.08 


0.28 


28 


-2.12 


0.31 


6 




















XAri 


-2.58 


0.10 


9 


-2.61 


0.23 


26 


-2.62 


0.28 


5 




















G64-12 


-3.06 


0.20 


6 


-3.13 


0.28 


20 


-3.02 


0.36 


2 




















RR 15903 


-2.34 


0.00 


2 


-2.24 


0.26 


11 


-2.32 


0.24 


3 




















RR8645 


-1.72 


0.33 


4 


-1.97 


0.26 


8 


-1.94 


0.41 


3 




















RR 1422 


-2.26 


0.17 


4 


-2.49 


0.32 


13 


-2.23 


0.31 


4 




















RR177 


-2.57 




1 


-2.67 


0.33 


10 


-2.50 


0.48 


3 




















RR 11371 


-2.10 




1 


-2.18 


0.24 


6 


-2.16 


0.48 


2 




















RR 22827 


-2.42 


0.11 


4 


-2.50 


0.24 


14 


-2.63 


0.08 


5 




















RR 122432 








-2.36 


0.12 


9 


-2.31 


0.47 


3 




















RR 50180 








-2.36 


0.33 


13 


-2.02 


0.34 


2 




















RR 143874 








-2.34 


0.17 


8 


-2.34 


0.39 


3 




















star 


synth 


(7 


[Nal/Fel] 
N EW 


(7 


N 


synth 


(J 


[Mgl/Fel] 
N EW 


(J 


N 


synth 


cr 


[All/Fel] 
N EW 


cr 


N 


HD74000 


0.70 




1 


0.57 


0.23 


2 


0.60 


0.00 


2 


0.68 


0.71 


4 


0.50 




1 








XAri 


-0.05 




1 


0.17 


0.24 


2 


0.35 


0.10 


2 








-0.50 




1 


-0.65 


0.37 




G64-12 


-0.40 




1 


-0.30 


0.38 


2 


-0.03 


0.06 


2 


0.14 




1 


-0.40 




1 








RR 15903 


0.10 




1 


0.02 




1 


0.55 


0.10 


2 


0.54 


0.34 


2 














RR8645 


0.10 




1 


-0.05 




1 


0.75 


0.49 


2 


0.93 




1 














RR 1422 














0.50 


0.00 


2 








0.50 












RR177 














-0.50 




1 




















RR 11371 






































RR 22827 














0.35 


0.10 
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0.40 












RR 122432 






































RR 50180 














0.10 




1 


0.03 


0.35 


2 














RR 143874 






































star 


synth 


(7 


[Ca 
N 


I/Fel] 
EW 


(7 


N 


synth 


(7 


[Sell/Fell] 
N EW 


cr 


N 


synth 


cr 


[Till/Fell] 
N EW 


cr 


N 


HD74000 


0.20 


0.40 


5 


0.24 




1 


-0.05 




1 


-0.04 




1 


0.19 


0.18 


8 


0.52 


0.37 


12 


XAri 


0.33 


0.22 


4 


0.50 


0.51 


3 


0.50 




1 


0.36 




1 


0.16 


0.23 


6 


0.70 


0.24 


14 


G64-12 


0.50 


0.00 


2 


0.70 


0.59 


2 


0.10 




1 


0.19 




1 


0.10 


0.21 


3 


0.44 


0.27 


8 


RR 15903 


0.75 


0.49 


2 




















0.10 


0.39 


2 


0.24 


0.27 


6 


RR8645 


0.00 




1 




















0.33 


0.15 


4 


0.38 




1 


RR 1422 


0.50 




1 




















0.33 


0.43 


3 


0.24 


0.35 


3 


RR177 














0.30 




1 


0.34 






0.00 




1 


-0.20 


0.34 


4 


RR 11371 


0.33 


0.06 


2 


























0.26 


0.46 


3 


RR 22827 


0.35 


0.10 


2 


0.38 


0.23 


3 


-0.20 




1 








0.20 




1 


0.00 


0.45 


4 


RR 122432 
































-0.66 


0.24 


4 


RR 50180 


























0.00 




1 


-0.01 


0.63 


2 


RR 143874 


0.20 




1 


























0.05 


0.24 


4 


star 


synth 


a 


[CrI/Fel] 
N EW 


a 


N 


synth 


(7 


[SrII/Fell] 
N EW 


cr 


N 


synth 


cr 


[Ba 

N 


II/FeII] 
EW 


cr 


N 


HD74000 


-0.20 


0.39 


2 


-0.18 


0.19 


4 


0.60 




2 


0.39 




1 


0.20 


0.59 


2 


0.49 


0.22 


3 


XAri 


0.05 


0.39 


2 


-0.11 


0.38 


3 


-0.40 


0.20 


2 


-0.39 




1 


-0.30 




1 


-0.12 


0.41 


2 


G64-12 


0.00 




1 
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0.35 


2 


RR 15903 














0.40 




1 








0.20 




1 


0.08 


0.42 


4 
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0.50 


0.00 


2 


0.30 


0.16 


2 


RR 1422 


0.10 


0.20 


2 


-0.24 


0.03 


2 


0.25 


0.49 


2 














0.04 


0.17 


4 


RR177 


0.30 




1 


0.02 


0.02 


2 


-0.40 




1 














0.32 


0.83 


2 


RR 11371 
































-0.50 


0.37 


2 


RR 22827 


0.50 




1 


0.38 
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0.10 


0.20 
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2 
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Figure 5. Synthesized abundances of the light cn-elements Mg, 
Ca and Ti. We find good agreement with the abundances obtained 
for other st ars at simil ar metallicity. Especially the MW RR Lyrae 
stars from |For et al7| ( |2011| cyan diamonds) and |Hansen et al.| 
(|2011| green diamonds) show good agreement with our sample ot 
HH Lyrae stars. Additionally we find good agree ment with the 
BHB ( blue squares) an d RHB stars (red squares) of |For fc Sneden| 
( |2010| >; [Preston et al. (20 06]), as well a s with LMC (J (J ROs (red 
crosses) trom [Mucciarelli ^TaT] ( |2010| >. For the LMC RR Lyrae 
stars a mean overabundance ot [c!/FeJ = 0.36 dex is found. 



Bootes I ([Feltzinget al.|2009( Norr is et al |2010b|) Carina 
( Koch et al. 2008a; Venn et al. 2012), Coma Berenices 
(iFrebel et alj2Uj^ ^Draco (IConen & Huang 2009) For- 
nax (Letarte et al.[|2010"|) , Hercules ([Aden et ai!f]2011[ 
Koch et al. 11 2008 bD, LeoTl (IShetrone et al. 2009), Sagit- 



tarius (Monaco et al. 2005; Sbordone et al. 2007), Sculp 
tor QFreF el et al. 2010a |7Bext ans ( |Aoki et al. | 20 09 p, Ursa 
Major 11 (Frebel et al. 2010b) and Ursa Minor (ISadakanel 
et al.|2004 ). KK Lyrae stars are on the horizontal branch 
and therefore we show the abundances of red horizontal 



branch (RHB) stars from|For fc Sneden (2010) and Pre- 



ston et al. (2006) as well as the b l ue ho rizontal branch 

et al. 



(BHB) stars from For fc Sned en 
blue squares, respectively. In |For 



with r ed and 
(120111) eleven 



nearby Galactic field RR Lyrae stars were spectroscop- 
ically investigated. The analysis revealed a very simi- 
lar elemental abundance for all RR Lyrae stars, shown 
with cyan diamonds, with a mean overabund ance of 
[Ca/Fe] = .34 dex and [Mg/Fe] = 0.48 dex. In [Hansen 



et al. (2011 ) two very metal-poor Galactic RR Lyrae stars 
were investigated. The a-enhancement for these two 
stars, illustrate d by green diam onds, is similar to the 
results found by| For et aL| ( |2011| ). 

held population of the MCs has 
Instead we include abun- 



The very metal- poor 
not yet been investigated. 



dances of red giants from the LMC field, w hich sam- 
ple primari ly the intermediate-age population, ( Po mpeia 



et al.|[2008l blue crosses) and LMC GCs ( jJohnson et al 
MTSflMucciarelli et al.||2009| |2010[ red crosses) in our 



comparison. 



6.3. Light odd-Z elements 



The light odd-Z elements are investigated via the reso- 
nance D-line doublet of sodium at 5889.9 A and 5895.9 A, 
as well as through the aluminum lines at 3944 A and 
3961 A. For the sodium lines, the spectrum is carefully in- 
spected for interstellar contamination. Fortunately, the 
radial velocity is high enough to avoid major contami- 
nation by interstellar lines. Regrettably we can obtain 
synthesized abundances for these two elements with ac- 
ceptable uncertainties for two stars only (Tablefl0|. 

In Figure|6]the same literature sou rces are used as in 
Figure|5] and described in Section (O] In the low metal- 
licity regime of our target stars the sodium abundances 
of the MW and the dSph stars are very similar. The 
two LMC RR Lyrae stars are slightly enhanced in their 
sodium abundance and are in good agreement with those 
stars of the MW and the dSphs. The stars in the old 
metal-poor GCs of the LMC have very similar sodium 
abund ances as our RR Lyrae targets. | Johnson et al. 



(|2006 |) found solar mean rati os for their LMC clusters, 
whi 



while [Mucciarelli et al.| ( 2010[ ) obtained sodium enhance 
ment lor most ol the stars m the GCs. 

A bimodal distribution of the aluminum abundances is 
observed investigating BHB, RHB and RR Lyrae stars in 
the MW. While the more metal-rich RR Lyrae and the 
BHB stars are enhanced in aluminum, the metal-poor 
RR Lyrae and the RHB stars show an underabundance 
in [Al/Fe]. There is no explanation for this phenomenon 
yet. However, we find that our two target stars have alu- 
minum abundances similar to the Galactic RR Lyrae and 
the BHB stars, even though the LMC RR Lyrae stars 
of this study are more metal-poor than the other alu- 
minum enhanced stars. We test if NLTE effects might 
be responsible, but ap plying the NLTE corrections of An- 
drievsky et al. ( |2008[ ) increases the overabundance even 
more. It might be possible that (some of) the investi- 
gated RR Lyrae stars are underabundant in aluminum 
and therefore we were not able to detect the lines. Some 



of the LMC GC stars of Mucciarelli et al.| ([2010) have 
estimates for aluminum. These stars, with rnetallicities 
of the BHB stars, show abund ance patterns s imilar to 
the Galactic RR Lyrae stars of |For et al. (2011) and to 
the Galactic BHB stars. However, we cannot conclude 
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Figure 6. Abundance ratio of sodium to iron (upper panel) and 
aluminum to iron (lower panel) vs. [Fe/H]. The coding of the differ- 
ent types of stars is the same as in Figure[5] We see that the LMC 
RRLyrae stars follow the trend of sodium enhancement with lower 
iron abundance. For the aluminum abundance a bimodal distri- 
bution is found. The RRLyrae stars with measureable aluminum 
abundance belong to the group of aluminum enhanced stars, even 
though they are more metal-poor than the other stars of this group. 

that all RRLyrae stars in the MCs are overabundant in 
[Al/Fe] and more stars need to be investigated. 

6.4. Iron-peak elements 

For the iron-peak elements we are only able to syn- 
thesize a few chromium lines for three LMC RRLyrae 
stars to within acceptable error margins. In general 
these abundances are higher than in the comparison MW 
RRLyrae stars. However, the low S/N of our spectra 
does not allow us to identify the lines properly and we 
recommend to take these values as upper limits. 

6.5. Neutron- capture elements 

Neutron-capture elements are represented by synthe- 
sized abundance measurements of strontium for four of 
our LMC RRLyrae stars and synthesized abundances 
of barium for two of our LMC RRLyrae stars. In Fig- 
ure^ the abundances are co mpar ed with the literature 
datasets mentioned in Section lcT2l 

For strontium a slight overabundance is found in most 
of the literature RRLyrae and HB stars. However, 
there is no well defined trend and some stars are sig- 
nificantly under abundant. We find three RRLyrae stars 
that are enhanced in strontium, while the abundance of 
one star deviates significantly from the other three. This 
is RR177, the same star that showed a low abundance 
pattern in the a-elements. All stars are, however, in 
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Figure 7. Chromium to iron ratio versus [Fe/H]. Only for three 
of our LMC RRLyrae stars upper limits (indicated by the arrows) 
of chromium can be synthesized in our spectral synthesis analysis, 
but no other iron-peak elements. The abundances are in general 
a bit higher than the comparison values from MW RRLyrae and 
HB stars. The color coding is the same as in Figure|5] 
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Figure 8. Strontium to iron and barium to iron ratios vs. [Fe/Hl. 
There is good agreement with the literature data (see Figure[5|. 
The strontium abundances of the LMC RRLyrae stars fit well 
within the trend set by the MW RRLyrae and HB stars (upper 
panel). For dSph and MW stars a significantly different trend of 
the barium to iron ratio is only observable at metallicities higher 
than those of our RRLyrae sample (lower panel). Therefore we 
cannot distinguish whether the RRLyrae stars follow the trend of 
the dSph or the MW stars. 
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good agreement with the liter ature values, see Figure[8j 



-1.5 



Mashonkina fc Gehren] J2001| found that a NLTE co"F- 
rection of Anlte = +0.6 should be applied. Adding 
this value to our LTE measurements, the abundances of 
our RRLyrae stars would still be in agreement with the 
abundances found for other Galactic RR Lyrae and RHB 
stars. 

The barium content of our RRLyrae stars is slightly 
overabundant suggestive of s-process contributions from 
AGB stars. Comparing it to the MW RRLy rae stars 
by |For et al l (|2Q11 [) and the RGs of the GCs ( |Johnson| 
et al.||2UUtil |M ucciarelli et al ||2Q1Q[ ), we find that our 



abundances are a bit enhanced. However, within the un- 
certainties good agreement is found with these stars as 
well as wit h the RHB stars and the RGs of the dSphs (see 
Figure]!]). |Andrievsky et al. (2009) computed Anlte cor- 
rections for the three lines at 4554A, 5853A and 6496A. 
Therefore two of the four lines used in this work have 
been investigated. For stars with temperatures above 
6000 K, as our RRLyrae stars, a trend of higher barium 
abundances including NLTE corrections is found. This 
would enhance the abundance differences between the 
RGB stars of the GCs and the RRLyrae stars. The hy- 
perfine splitting (HF S, e.g., |McWilliam et al.| 1995] | Short 



& Hauschildt 20061) leads to overestimation of the bar 



ium content. Ignoring this effect could be an explanation 
for the slight overabundance of the RRLyrae stars. 

6.6. The a-poor star RR 1 77 

For our most metal-poor star RR177, we find unusual 
abundances of the other elements. With [Fe/H] = —2.7, 
this is the most metal-poor star currently known in the 
LMC. Therefore, we would expect the star to be similarly 
a-enhanced as most of the metal-poor stars. Instead, we 
find [Mg/Fe] = —0.5, with a signal well above the noise 
level. For [Ca/Fe] we do not find a conclusive value, but 
the spectral synthesis shows that the abundance has to 
be lower than [Ca/Fe] < 0. For the a-element titanium 
we find [Ti/Fe] = 0.0, a bit higher than the abundances 
for the other q-element s. However, as pointed out in 



Thielemann et al. (1996) the production of titanium can 
also happen through complete silicon burning with an 
a-rich freeze-out. The complete sequences inside a star 
that lead to the synthesis of titanium are not yet fully 
understood (e.g., |Woosley fc Weaver||l995[ ). 

The low abundance of the a-elements might be in- 
dicative for a single enrichment event without suffi cient 
mixin g of the su pernova debris. According to |Argast 



et al. (2000, 2002), the mixing of the ejecta into a gas 
cloud of 10 M may lead to an a-underabundance for 
individual stars. Following these models, the chromium 
abundance would appear rath er normal, as obser ved for 
RR177 (compare Figure 2 of |Argast et al.||2000| ). Con- 
versely, a lower [a/Fe] ratio may be caused by s uper novae 
type la ' pock ets' as described in the models of Marcolini 
[eTaL] ([2008]). 

To date, Galactic field and dSph stars with such an 
amount of selective depletion in the a- (and possibly in 
some neutron-capture) eleme nts have only been found at 



metallicitie s > —2 dex (e.g., Carney et al.| [1997 
et al.||2003| |Koch et al.||2008a ) 



Ivans 



7. COMPARISON OF PHOTOMETRIC AND 
SPECTROSCOPIC METALLICITIES 
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Figure 9. Photometric metallicity estimates versus spectroscopic 
measurements. The iron abundances from the EW measurements 
are labeled with the red crosses/pluses, while the synthesized abun- 
dances of iron are shown as blue circles. The filled circles and 
pluses are for stars with no detected Blazhko effect, while the open 
circles and crosses are the stars with a Blazhko effect. For the 
SMC RRLyrae stars no synthesized value is available. Overall 
we see a trend for lower spectroscopic metallicities for stars with 
photometric metallicities around — 2dex. For the RRLyrae stars 
with [Fe/H]phot < — 2.5dex the Blazhko effect might have altered 
the lightcurve and hence the Fourier parameters such that a lower 
metallicity is mimicked. Overall all target stars have similar spec- 
troscopic metallicities. 

Comparing the photometric metallicity of the 
RRLyrae stars obtai ned from the Four ier parameters 



of the lightcurves (|Haschke et al. 



2012) with the iron 



abundances of our spectra, we find trends as shown in 
Figure|9] For the most metal-rich stars of our sample, 
i.e., the three stars with [Fe/H] phot /j9 5 > — 2.20dex, we 
find lower spectroscopic metallicities. These differences 
range from — 0.04dex to — 0.57dex. This discrepancy 
of too high photometric metallicity estimates for the 
metal-poor stars is a well known problem with the V and 
/band calibration and was found to amount to 0.2 dex 



to 0.3 dex ( e.g., Dekany & Kovacs 2009 Arellano Ferro 
et al. 2011) for Galactic RRLyrae stars. The offset is 



attributed to the low number of metal-poor calibration 
stars f or the Fourier decomposition method. Papadakis 
et al.| (|2000[ ) found that the metallicity scale of [Zinn fc 
est| ( |TO84p is about 0.3 dex lower than that of |Jurcsi5 
( 19951) . If we transform the photo metric metallicities 
to the scale of Zinn & West (1984) and compare them 
to our spectroscopic metallicities we find very good 
agreement between both values with a mean difference 
of 0.02 ±0.14 dex. 

However, for the RRLyrae stars that may be even 
more metal-poor, we find a completely different picture. 
The stars with a photometric metallicity estimate of 
[Fe/H]p hot /j 95 < —2.80 dex turn out to be more metal- 
rich by 0.31 dex to 1.0 5 dex when analyze d spectroscopi- 
cally. On the scale of Zinn fc West| ( |1984| ) the differences 
between the photometric and spectroscopic metallicities 
are even larger by 0.3 dex. Comparing the spectroscopic 
metallicities of these two groups, we find that they are 
indistinguishable. On average both groups have a mean 
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value of [Fe/H] spec = — 2.4dex. 

The photometric metallicity estimate depends on the 
shape of the light curve, whic h may be influenced by the 
Blazhko effect ( |Blazko 19Q7[ ). This additional modula- 
tion of the lightcurve, whicn changes the times (t max ) 
and the magnitude (V max ) of maximum brightness, hap- 
pens on the order of 10 — 100 days and is believed to be 
present in u p to 50% of all RRLyrae stars (e.g., Jurcsik 
et al. 2009). In order to find the additional modulation 
ol the lightcurve we analyze the OGLE III lightcurves 
of our target stars using the phase dispersio n minimiza- 
tion (PPM) technique in the PDM2 7 code ( |Stellingwerf 
1978|). The determined periods agree perfectly with the 



periods published by the OGLE team. The Blazhko am- 
plitudes are much weaker than the fundamental pulsation 
and were therefore not detected by the PDM technique. 
Therefore we took all observations of OGLE, that were 
obtained within a phase interval of 0.2 around the max- 
imum magnitude of an RRLyrae target and plot them 
against their observation date (see Figure[lO|) . For three 
RRLyrae stars the observed magnitudes vary by less 
than 0.1 mag within the time of observation (upper panel 
of Figure 10 ). If a periodic modulation is found, as shown 



in the lower panel of Figure[10j we assume the star to ex- 
perience a Blazhko effect. This is the case for six of our 
nine target stars (Table[l}. 

Comparing the photometric and spectroscopic metal- 
licity estimates of the RRLyrae stars indicative of ex- 
periencing a Blazhko effect, a tight relation is found. 
The stars with extremely low photometric metallicities 
and therefore large discrepancies between their photo- 
metric and spectroscopic estimates all experience addi- 
tional modulations of their lightcurves (open circles and 
crosses in Figure[9|. The stars with good agreement be- 
tween their photometric and spectroscopic metallicities 
do not show evidence for the Blazhko effect (filled circles 
and pluses in Figure[9|. We conclude the lightcurves of 
the stars with very low photometric metallicities are in- 
fluenced by the Blazhko effect. This additional modula- 
tion appears to alter the Fourier parameters such that an 
extremely metal-poor star is mimicked. This affects the 
five most metal-poor candidates of our target stars (in 
terms of photometric metallicities) in our sample. We 
suspect that in addition other effects may play a role, 
such as the limited metallicity range of the calibrating 
stars as already suggested by other authors. Nonetheless, 
the Blazhko effect would seem to be a major culprit for 
the discrepancy between the photometric and the spec- 
troscopic metallicities. 

Comparing the deviations of the temperature esti- 
mates, we do not find a trend that stars with an indi- 
cation of a Blazhko effect have larger differences in their 
temperatures. We conclude that the temperature esti- 
mation is in our case more sensitive to the sampling of 
the lightcurve than to the Blazhko effect. 

8. CONCLUSIONS 

We present the first detailed spectroscopic analysis of 
Magellanic Cloud RRLyrae stars, six of which are lo- 
cated in the LMC and three stars in the SMC. With 
metallicities as low as [Fe/H] = — 2.7dex, we find the 
most metal-poor stars yet known in the MCs. A mean 

7 www.stellingwerf.com 
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Figure 10. Variation of the magnitude at maximum light for the 
target stars RR 15903 (upper panel) and RR1422 (lower panel). 
All observations of the OGLE team within a phase of 0.2 around 
the maximum light are plotted versus the date of observation. For 
RR 15903 only scatter due to the magnitude variation caused by 
the phase width of A<E> = 0.2 is observed. The variation of the mag- 
nitude at presumable maximum light for RR 1422 is an indication 
for the presence of an additional Blazhko effect. 

metallicity of [Fe/H] = — 2.4dex for our nine objects al- 
lows us to probe the earliest currently available tracers 
of the chemical evolution of the MCs. 

The candidates for the most metal-poor RRLyrae 
stars were identified via ph otometric metallicity esti- 



2012) 



mates (Haschke et al 
ally turn out to be 
troscopic measures. Overall, the metallicities of our 
RR Lyrae stars are significantly higher than those of the 



These candidates gener- 
more metal-rich when using spec- 



(e.g., 
metal 


Frebel et al.|2010a 


Norris et al.|2010c 


) or the most 


-poor stars ol the < 


Galactic halo (e.g., 
. The reason for th 


Frebel et al. 


2005 


Caffau et al.||2011) 


is lack ol ex- 



tracks of stars beyond th e main sequence. As pointed 
out by |Yoon fc Lee| ( |2002[ ) extremely metal-poor stars do 
not enter the instability strip and therefore one would 
not expect to find RRLyrae stars with [Fe/H] < — 3dex. 
For the a-enhancement an overabundance between 
a/Fe] < 0.5 dex is found for Galacti c RRLyrae 
For et al.||2011| iHansen et al.||2011|) as well as 



"s Johr 



0.1 < 

stars 

for r ed giants in the GCs o l the IVlOs ( | Johnson et al. 
1 20061 jMucciarelli et al. | 2009[ |2010[ ) , in dSphs (e.g., |KocE 
|et al. 2008a an d references ment ioned above) and m the 
MW halo (e.g., Venn et al.|2004 and references therein). 
Our spectral synthesis ol the a-elements in our metal- 
poor field RRLyrae stars in the MCs reveals a mean a- 
enhancement of 0.36 ± 0.25 dex in very good agreement 
with these other sources. 

For the odd-Z elements we find a small overabundance 
in sodium and a significant overabundance in aluminum 
in good agreement with the red giants of the MC GCs 
and the Galactic RRLyrae stars. The upper limits for 
our measured iron-peak elements are consistent with the 
abundances determined for dif ferent types of Galactic 
stars of similar m etallicity (e.g., Preston et al.|[2006 For 
Sneden||2010|). For the neutron capture elements we 



also find good agreement between our abundances and 
the values obtained for the different dSphs, the LMC 
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GCs and the halo stars of the MW. 

As members of the old population of the MC our metal- 
poor RRLyrae stars can be expected to have been pri- 
marily enriched by supernovae of type II, with little con- 
tribution from supernovae of type la. The abundance 
signatures largely confirm this assumption. Our results 
are, therefore, consistent with the model of an invariant, 
massive star, initial mass function (IMF) for all environ- 
ments at early times (e.g., |Wyse et al.|2QQ2 Frebel et al. 
|2Q10a[ ). 

The spread of abundances observed in our target stars 
and the a-element deficient star RR177 are indicative 
of local star formation in bursts in an inhomogeneously 
enriched environment or even enrichment by single su- 
pernova la events. Therefore we expect that star forma- 
tion happened locally in a stochastical way and that the 
early MCs were not chemically well mixed. This is also 
consistent with the range of metal licities found in SMC 
star clusters at any given age (e.g., |Glatt et al.|20Q8b[ ) as 
well as with findings for (old) field populations in dSphs 
(e.g., |Koch et al l|2QQ8b[ ). 

In general we find that the abundances of the old and 
metal-poor MCs RRLyrae stars are consistent with the 
abundances me asured in the MW halo. Recent numeri- 
cal simulations ( |Font et al.||2QQ6 Robertson et al.||20Q5 ) 
indicate that the halo was primarily built up from early 
mergers of the MW with MC-sized objects. From our re- 
sults we can confirm that the abundance patterns of all 
investigated elements of the metal-poor, old MC stars 
and the MW halo are compatible. Therefore it is con- 
ceivable that early mergers of "proto-MCs" with the MW 
contributed to the build-up of its stellar halo. 
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Figure 11. Spectra of the Mg lines between 5150A and 5200A. The black lines show the Mg lines, while the red lines i 
The standard stars HD74000, G64-12 and XAri and our three SMC targets are shown. 
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Figure 12. Spectra of the Mg lines between 5150A and 5200A. The black lines show the Mg lines, while the red lines show an Fel line. 
All targets from the LMC are shown here. 



